Background: CD166 is overexpressed and regarded as a valuable prognostic marker in tumors. Results: An autoregulatory feedback between PI3K/AKT and CD166 was revealed, and YAP was identified as a CD166 downstream effecter. Conclusion: CD166 is regulated by PI3K/AKT to exert its anti-apoptotic role via YAP. Significance: The relationship between CD166 and YAP provides new therapeutic insights into liver cancer.
The treatment options for liver cancer are extremely limited mainly because the mechanisms of pathogenesis of this kind of disease are not completely known. Cluster of differentiation 166 (CD166) 4 is a cell surface member of the immunoglobulin superfamily (1) , which is overexpressed and regarded as a valuable prognostic marker of disease progression and poor survival in several types of epithelial tumors (2) (3) (4) . In recent years, CD166 has been identified experimentally as a putative cancer stem cell marker in various cancers with a high capacity for sphere and xenograft formation (5) (6) (7) . CD166-CD166 interactions are crucial to the survival and primary site maintenance of cancer cells (8) . Furthermore, CD166 gene silencing decreases the concentration of Bcl-2 and increases levels of apoptosis (poly(ADP-ribose) polymerase and active caspase-7) (8); therefore, CD166 may also play an important role in protecting cancer cells against apoptosis. Although CD166 is closely related to various cancers, including those of the digestive system, whether and how CD166 exerts its role in liver cancer remains poorly understood. In our previous study, we observed that activation of anti-apoptotic canonical NF-B signaling greatly induces CD166 expression in liver cancer cells after serum deprivation, a condition that inhibits cell growth and leads to apoptosis (9) , suggesting that CD166 may also influence cell survival in liver cancer cells. However, the mechanism underlying how CD166 acts as an anti-apoptotic regulator needs to be further investigated.
Recently, dysfunction of Yes-associated protein (YAP) has been linked to hepatocarcinogenesis (10) . Amplification of the YAP gene and induction of YAP in liver cancer have previously been reported to contribute to hepatocyte malignant transformation and tumor progression (11) . Clinical studies also revealed that YAP is an independent predictor associated with poor disease survival in liver cancers (12) . Overexpression of YAP resulted in resistance against doxorubicin-induced apoptosis in liver cancer cell lines, whereas suppression of the endogenous YAP expression by RNA interference demonstrated the reverse effect (11) . Also, YAP-controlled expression of connective tissue growth factor (CTGF) reduces sensitivity of liver cancer cells toward tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis (13) . Our previous studies also support the conclusion that YAP plays critical roles in protecting liver cancer cells from apoptosis (14, 15) ; however, the upstream regulation of YAP anti-apoptotic function is still largely unknown.
In this study, we found that PI3K/AKT up-regulated CD166 expression independently of transcription. Moreover, we revealed that CD166 promoted both AKT expression and activity, thus providing a positive regulatory feedback between PI3K/ AKT signaling and CD166 in liver cancer cells. Our data also showed that CD166 exerted its anti-apoptotic role mainly through enhancing YAP function, demonstrating that CD166 is an upstream regulator of YAP. In addition, we found that CD166 and YAP were closely correlated in liver cancer samples, suggesting the importance of their relationship. Taken together, this work summarizes a novel link between two major oncoproteins and a potential mechanism for liver tumorigenesis.
EXPERIMENTAL PROCEDURES
Cell Culture and Vectors-HepG2, Bel-7402, SMMC-7721, QSG-7701, and HL-7702 cells were cultured in DMEM. Cells were treated by doxorubicin (0.5 g/ml; Sigma-Aldrich), wortmannin (50 M; Cayman, Ann Arbor, MI), LY294002 (20 M; Cell Signaling Technology (CST), Boston, MA), actinomycin D (10 g/ml; Beyotime, Haimen, China), or MG132 (25 M; Cayman) 5-24 h before harvest. shRNAs against CD9 (TRCN0000057472) and CD166 (shRNA-1, TRCN0000150706) were purchased from Open Biosystems (Huntsville, AL). shRNAs against AMOT130 and AKT were cloned into pLKO.1 lentiviral vectors. The cDNA fragments encoding human AKT and CD9 were purchased from Origene (Beijing, China) and subcloned into pGIPZ-based lentiviral vector (14) . CD6 expression vector was purchased from Origene. CD166-HA/FLAG was cloned into pCDNA3.1(ϩ) vector, and the primers used are listed in Tables 1 and 2 . Protein-expressing vectors, including CD166 (without tag), YAP (with or without FLAG tag), AMOT130-HA, pTEN-HA, and Ub-HA, as well as shRNA targeting YAP were obtained from previous studies (9, 14 -16) .
Immunohistochemistry (IHC), Immunofluorescence, and Western Blotting (WB)-For IHC, human liver cancer tissue microarray (TMA) slides were purchased from U.S. Biomax (Rockville, MD). Following deparaffinization and rehydration of the tissue sections, antigen retrieval was performed at 100°C for 2 h with Tris-EDTA buffer, pH 6.0 (Beyotime). Endogenous peroxidase was blocked with 3% peroxide for 20 min, followed by additional rinses in PBS for 3 ϫ 5 min. Sections were then blocked in a buffer containing 5% BSA and 0.1% Triton X-100 and incubated overnight in primary antibodies against CD166 (Epitomics (Burlingame, CA), catalogue no. 3133) or YAP (Epitomics, catalogue no. 2060). Signal detection was accomplished by the Vectastain ABC kit (Vector Labs, Burlingame, CA). Sections were scored using a semiquantitative scale for each individual tumor tissue on the array slide as follows: ϩ, weak staining (i.e. 20 -40% of cells showing weak to intermediate intensity staining); ϩϩ, strong staining (i.e. Ն 10% of cells showing very intense staining or Ͼ50% of cells showing weak to moderately intense staining in an appropriate subcellular distribution); ϩϩϩ, very strong staining (i.e. Ն30% of cells showing very intense staining or Ͼ80% of cells showing moderately intense staining). Scoring results were simplified into ϩ, ϩϩ, and ϩϩϩ categories. Statistical analysis was done using 2 analysis, and a p value of Ͻ0.05 was considered statistically significant. For xenograft tissues, the IHC procedure used was the same as described above. The primary antibodies used were Cell Proliferation, Caspase-3/7 Activity, and Quantitative RT-PCR (qPCR)-Cell proliferation was measured by an 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide-based proliferation assay, as described before (14, 15) . The caspase-3/7 activity was determined using the Caspase-Glo 3/7 assay system (Promega, Madison, WI). Quantitative RT-PCR was performed as described previously (14, 15) . Primers used for qPCR are listed in Table 3 .
Immunoprecipitation-For immunoprecipitation, cells were washed with PBS and subsequently lysed in Western/IP lysis buffer (Beyotime). Protein lysates were centrifuged at 14,000 ϫ g for 10 min to pellet debris. After preclearing for 1 h with 50 l of protein A/G-Sepharose (Invitrogen), the supernatants were incubated at 4°C overnight with 3 g of antibodies, as indicated, cross-linked to protein A/G-Sepharose beads. Beads were washed five times with lysis buffer, resuspended in SDS loading buffer, and analyzed by WB analysis with antibodies as indicated.
Luciferase Reporter Analysis-The luciferase reporter constructs containing the YAP or HULC promoter region were obtained from our previous study (15) and then co-transfected with a Renilla luciferase expression plasmid into cells. Luciferase activities were analyzed using a Dual-Luciferase reporter kit (Promega).
Detection of HBsAg and HCV-IgG-Serum hepatitis B surface antigen (HBsAg) was tested by a reagent from Roche Applied Science using a Cobas e601 immunoassay analyzer. Serum HCV-IgG was tested by reagent from Ortho Clinical Diagnostics using a VITROS 3600 immunoassay analyzer. Results were determined automatically by the software as a cut-off index value by comparing the electrochemiluminescence signal obtained from the reaction product of the sample with the signal of the cut-off value previously obtained by calibration, and cut-off index Ͼ 1 was regarded as positive (ϩ).
Xenograft Mouse Model-5 ϫ 10 6 Bel-7402 cells expressing shRNA or protein, as indicated, were subcutaneously injected into the athymic nude mice (Bikai, Shanghai, China). Tumor size was measured every 6 days using a caliper, and the tumor volume was calculated as 0.5 ϫ L ϫ W 2 , with L indicating length and W indicating width. The mice were euthanized at 30 days after injection.
In Vivo Metastasis Assays-To produce experimental lung metastasis, 1 ϫ 10 6 Bel-7402 cells were injected into the tail veins of 8-week-old female athymic nude mice. After 4 weeks, the mice were necropsied, and the lungs were removed.
Statistical Analysis-Tests to examine differences between groups included analysis by Student's t test and 2 test. p Ͻ 0.05 was regarded as statistical significance.
RESULTS
CD166 Was Overexpressed and Anti-apoptotic in Liver Cancer Cells-IHC results indicated that CD166 was highly overexpressed in liver cancer tissues compared with their adjacent normal tissues from all 10 patients tested who underwent curative surgery for liver cancer (Fig. 1A ). Also, CD166 had a relatively higher level in established liver cancer cell lines (Bel-7402, SMMC-7721, and HepG2) compared with that in normal hepatic cell lines (HL-7702 and QSG-7701) ( Fig. 1B ), suggesting the importance of CD166 during liver cancer development.
Because CD166 can be significantly induced under serum deprivation, a condition that leads to apoptosis (9), we hypothesized that CD166 is an apoptosis regulator. We found that Bel-7402 cells with CD166 knocked down became unhealthy, with both decreased cell numbers ( Fig. 1C ) and decreased Bcl-2 expression ( Fig. 1D ), and showed apoptotic morphology and nuclear segmentation with labeling of cleaved caspase-3 ( Fig.  1E) , an apoptosis phenomenon similar to that described previously (17) . The high knockdown efficiency of CD166-sh1 was then verified by Western blotting assay in both Bel-7402 and SMMC-7721 cells (Fig. 1F ). We also detected that CD166 knockdown markedly increased caspase-3/7 activity both at basal level and under doxorubicin treatment in Bel-7402 cells ( Fig. 1G ), suggesting that CD166 is critical for cell survival in liver cancer cells.
We reported previously that overexpression of CD166 inhibits cell mobility, as measured by wound healing and a Transwell 
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assay (9) . Unfortunately, experimental in vivo metastasis analysis showed no obvious surface-visible metastatic tumors formed by either control or Bel-7402 cells with CD166 overexpressed in lungs ( Fig. 1H ). In addition, Bel-7402 cells with CD166 overexpressed exhibited an enhanced ability to adhere with each other compared with the control (data not shown), indicating that CD166 is a cell surface adhesion molecule that has a negative role in cell mobility and metastasis. Meanwhile, we also ruled out the possibility that CD166 affects angiogenesis, because angiogenesis markers VEGFR1 and VEGFR2 (18) remained unchanged before and after knockdown of CD166 ( Fig. 1I ). An Autoregulatory Feedback between PI3K/AKT and CD166-Because anti-apoptotic NF-B activates CD166 gene transcription (9) and PI3K/AKT is an upstream regulator of NF-B signaling (19, 20) , we postulated that AKT may regulate CD166. By using two PI3K inhibitors, LY294002 and wortmannin, we found that both p-AKT and CD166 proteins were significantly reduced ( Fig. 2A ). In mammals, AKT1, AKT2, and AKT3 have a similar domain and function (21) . We found that AKT1 was predominately expressed in HEK-293T, HL-7702, SMMC-7721, and Bel-7402 cells, because the AKT1 expression pattern was similar to that of pan-AKT (AKT1/2/3) ( Fig. 2B ). Thus, we mainly focused on AKT1 (hereafter referred to as AKT) in the following study. Through gain and loss of function analysis, we found that CD166 protein can be reduced by knockdown of AKT ( Fig. 2C, aЈ) , whereas it is induced by ectopically expressed AKT (Fig. 2C, bЈ) . By overexpressing the endogenous PI3K/AKT inhibitor pTEN, CD166 was also markedly inhibited ( Fig. 2C, cЈ) . Unexpectedly, both mRNA level and promoter activity of CD166 were not affected after inhibition of PI3K/ AKT by LY294002 ( Fig. 2D ), suggesting that PI3K/AKT only regulates CD166 protein and not its mRNA. Also, we excluded a role of NF-B signaling in the regulation of CD166 by AKT.
To explore whether there was an autoregulatory feedback between CD166 and PI3K/AKT, CD166 was overexpressed in low CD166-expressing normal hepatic cell line, HL-7702 ( Fig.  1B) , and we found that both p-AKT and total AKT were induced ( Fig. 2E, aЈ) . Because the ratio between p-AKT and total AKT was similar before and after overexpression of CD166 ( Fig. 2E, aЈ) , the induction of p-AKT was largely due to the up-regulation of total AKT. Moreover, when CD166 was The mice were then necropsied, and the lungs were removed. I, Western blots of VEGFR1/2 in control (infected with GFP-shRNA) and Bel-7402 cells with CD166 knocked down (infected with CD166-sh1).
knocked down by sh1 in liver cancer cell lines, Bel-7402 and SMMC-7721, p-AKT, total AKT, and phosphorylation of its downstream target, p70S6K, were significantly reduced; however, its upstream regulator phospho-PDK1 and total PDK1 remained unchanged ( Fig. 2E, bЈ) , suggesting that CD166 regulates p-AKT/AKT independently of PDK1. Similar results were also obtained by CD166-sh2, which excluded the off-target effect of small RNA ( Fig. 2E, cЈ) .
By using a newly developed mAb that recognizes endogenous proteins containing phospho-Ser/Thr preceded by Arg at positions Ϫ5 and Ϫ3 (RXRXX(S*/T*) (asterisks indicating phosphorylation) regarded as p-AKT substrate), we found that phosphorylation of AKT substrates was greatly inhibited by CD166 knockdown in Bel-7402 cells, whereas it was enhanced by CD166 overexpression in HL-7702 cells (Fig. 2F ), indicating that CD166 is a positive regulator of PI3K/AKT signaling. MARCH 7, 2014 • VOLUME 289 • NUMBER 10
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To confirm the interaction between CD166 and AKT, we performed reciprocal co-IP experiments and found that exogenous CD166-HA could be readily pulled down by AKT-Myc in Bel-7402 cells, and vice versa (Fig. 2G ). Co-IP for endogenous CD166 and AKT proteins in Bel-7402 cells also demonstrated that these two proteins readily co-immunoprecipitated ( Fig. 2H) .
CD166 Regulated YAP-Because YAP is also an apoptosis regulator in liver cancer cells (14, 15) , and CD166 is a membrane protein, we hypothesized that CD166 may be an upstream regulator of YAP. We found that YAP protein and its well known target, CTGF, and BIRC5 were greatly reduced after knockdown of CD166 by sh1 and sh2, respectively (Fig. 3,  A and B) , whereas the key regulator of the Hippo pathway, phospho-LATS1, and total LATS1 remained unchanged (Fig.  3A) . Furthermore, both BIRC5 and YAP could be significantly up-regulated by overexpression of CD166 (Fig. 3, C and D) . The above data manifested that the regulation of YAP and its targets by CD166 is independent of the canonical Hippo pathway. However, knockdown of YAP had no effect on CD166 expression ( Fig. 3E ), suggesting that there is no direct feedback between YAP and CD166. We also found that a relatively higher level of endogenous YAP correlated with a higher level of CD166 in Bel-7402 cells compared with SMMC-7721 cells (Fig. 
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3F). A previous study (22) described that YAP is stable at low cell density but unstable at high cell density in NIH3T3 cells. We also observed this phenomenon in Huh7 and HepG2 cells, and the down-regulation patterns of YAP and CD166 were similar ( Fig. 3G) . It was previously reported that transcription of the CD166 gene is controlled by NF-B p50/p65 (9) , and CD166 is a target gene of AKT (Fig. 2) . To explain why the expression of CD166 protein was down-regulated when the cell density was increased, we tested if the expression of p50/p65 as well as phosphorylation levels of AKT substrates could be changed. As shown in Fig. 3H , only the phosphorylation levels of AKT substrates were down-regulated, whereas no significant changes were detected for p50/p65 in high density cell culture compared with the low density one, suggesting that the down-regulation of CD166 protein in high density cell culture is via inactivation of AKT. In addition, inhibition of PI3K/AKT by chemical inhibitors reduced not only CD166 but also YAP expression ( Fig. 3I ), suggesting that down-regulation of YAP may result from down-regulation of CD166.
The TEAD transcription factors mediate YAP-dependent downstream transcriptional activation (23) (24) . We examined whether CD166 affects YAP-TEAD interaction. We found that CD166 knockdown inhibited the activity of a YAP-dependent TEAD-luciferase reporter (14) in both Bel-7402 and SMMC-7721 cells (Fig. 3J ). Furthermore, the ability of YAP to bind TEAD was dose-dependently enhanced after overexpression of CD166 (Fig. 3K ). However, YAP was still mainly retained in the nucleus in CD166-overexpressing Bel-7402 cells compared with normal ones (Fig. 3L ), suggesting that CD166 does not affect YAP subcellular localization. Also, no direct interaction between CD166 and YAP was detected (Fig. 3M) .
The Expression Pattern of CD166 and YAP as Well as Related Clinical Features in Liver Cancer
Samples-To further uncover the relationship between CD166 and YAP, we performed IHC using TMA on greater than 400 human liver cancer samples and found that both CD166 and YAP proteins were highly expressed in a subset of liver cancers and closely correlated (Fig.  4A) . We then analyzed the correlation between the expression of CD166 and the clinical features of the patients. On the basis of the clinical information accompanied with the TMA (provided by U.S. Biomax), we found a positive correlation between tumor stage and CD166 expression (p Ͻ 0.01) (i.e. liver cancer patients with a higher tumor stage of disease can have a higher CD166 expression level) (Fig. 4B, top) , whereas no significant correlation was detected between histologic grade and the expression of CD166 (p Ͼ 0.05) (Fig. 4B, bottom) .
It is well recognized that the liver cancer develops with virus infection. Through IHC staining, we separated patients into two groups (each had 10 patients), one with a "ϩϩϩ" score for both CD166 and YAP, according to the principles in Fig. 4A , and another with a "ϩ" score for both CD166 and YAP. Then the serum HBsAg (a current hepatitis B virus infection marker) and HCV IgG (an HCV infection marker) were each tested in these patients. Unfortunately, no significant statistical significance (p ϭ 1.000) was detected between the expression of CD166 and YAP and the serum HBsAg or HCV-IgG (Fig. 4C ), suggesting no close correlation between CD166-dependent YAP activation and hepatitis B virus or HCV infection in liver cancer patients.
CD166 Regulated YAP Gene Transcription via CREB-To explore how CD166 regulates YAP, we first tested the YAP mRNA levels before and after knockdown of CD166. As shown in Fig. 5A , YAP mRNA was reduced when CD166 was knocked down, suggesting that CD166 regulates YAP gene transcription. Because we previously reported (15) that CREB enhances YAP gene transcription, we tested whether CD166 affects CREB. As shown in Fig. 5B , reduction of CREB resulted from knockdown is shown at the bottom. B, tumor stage but not histologic grade was correlated with CD166 expression in liver cancer samples as analyzed by the 2 test. C, no correlation between CD166-dependent YAP activation and hepatitis B virus or HCV infection as analyzed by Fisher's exact 2 test. Serum HBsAg and HCV IgG were tested from the same patients whose liver cancer tissues were used for IHC determination for CD166 and YAP. of CD166 (infected by CD166-sh1); however, phosphorylated and total p38/MAPK14, which contributes to CREB degradation, were not affected. In addition, down-regulation of p-CREB was largely due to down-regulation of total CREB, because the ratio of p-CREB/total CREB was almost unchanged before and after CD166 was knocked down (Fig. 5C ). To rule out the offtarget effects by CD166-sh1, we used CD166-sh2 and found that both p-CREB and CREB were reduced (Fig. 5D ). Gain of function analysis provided evidence that CREB could be induced in a CD166 dose-dependent manner (Fig. 5E ). However, CD166 did not affect the CREB upstream regulator, PKA activity, because the phosphorylation of PKA substrate was not changed before and after knockdown of CD166 (Fig. 5F ).
Using the HULC promoter luciferase reporter system (15), we confirmed our hypothesis that CD166 regulates CREB activity. We found that promoter activities from wild type (WT; with cAMP-response element (CRE)) were greatly inhibited, whereas no obvious changes were detected from the mutant (MUT; without CRE) one in cells with CD166 knocked down compared with the control (Fig. 5G ). Furthermore, luciferase activity from the YAP promoter reporter, which contains CRE, was also reduced after knockdown of CD166 (Fig. 5G) . Collectively, these experiments demonstrated that CD166 may play an important role in maintaining CREB protein expression and activity.
CD166 Protected YAP Protein from Degradation-Next, we tested whether CD166 affects YAP stability. As shown in Fig.  6A , when Bel-7402 cells were treated with universal transcription inhibitor, actinomycin D, YAP protein was dramatically reduced, which may result from transcription inhibition (Fig.  6B, top) . However, actinomycin D-induced YAP protein degradation was much slower when CD166 was ectopically expressed (Fig. 6, A and B, bottom) , suggesting that CD166 upregulates YAP protein expression not only transcriptionally, but also post-transcriptionally.
In addition, in Bel-7402 cells with CD166 overexpressed, we detected less accumulation of ubiquitinated YAP compared with the control (Fig. 6C, lanes 1 and 3 versus lane 2) . When Bel-7402 cells were treated with the protein synthesis inhibitor cycloheximide (CHX), the half-life time of YAP was more than 4 h. However, YAP degraded much faster, with a half-life time of about 2 h, when CD166 was knocked down (Fig. 6, D and E) , suggesting that CD166 is also a regulator of YAP protein stability.
CD166 Inhibited AMOT130-CD166 regulation of YAP was independent of LATS (Fig. 3A) . The fact that AMOT130 inhibition of YAP activity is also LATS-independent (16) led us to link CD166 and AMOT130 together. We found that both YAP expression and activity were greatly reduced after overexpression of AMOT130, whereas the expression of CD166 and 
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p-AKT/total AKT remained unchanged ( Fig. 7A ) (data not shown). We also found that AMOT130 facilitated YAP translocation from the nucleus to the cytoplasm (Fig. 7B ), suggesting that AMOT130 inhibits YAP activity through cytoplasm retention of YAP. Moreover, induction of YAP was detected after knockdown of AMOT130 (Fig. 7C) , further supporting our conclusion that AMOT130 is a critical regulator of YAP expression.
Because CD166 was regulated by AKT ( Fig. 2) , we then tested if AKT affects AMOT130 expression. We found that AMOT130 was greatly reduced after overexpression of AKT (Fig. 7D ) in both Bel-7402 and SMMC-7721 cells, suggesting that CD166 is a mediator between AKT and AMOT130. To further confirm the relationship between CD166 and AMOT130, gain and loss of function analysis was employed. As shown in Fig. 7E, AMOT130 was downregulated by CD166 overexpression (Fig. 7E, aЈ) , whereas it was up-regulated by CD166 knockdown (Fig. 7E, bЈ) .
Because the inhibition of YAP by AMOT130 is dependent on their interaction (16) , we then tested if CD166 affects AMOT130-YAP interaction. We found that the interaction between AMOT130-YAP was dissociated after CD166 overexpression in a dose-dependent manner (Fig. 7F ), suggesting that CD166 blocks not only AMOT130 expression but also its activity.
CD9 Enhanced the Effect of CD166 on YAP-CD166 mediates its function through either homophilic (CD166-CD166) or heterophilic (CD166-CD6) interactions (25) . Recently, another cell surface molecule, CD9, was reported to be involved in the enhancement of CD166 function (25) . Thus, we tested whether CD6 or CD9 synergizes CD166 in regulating YAP. It was found that overexpression of CD9 but not CD6 was able to induce YAP protein expression through reduction of AMOT130 (Fig.  8, A and B) . However, CD9 did not affect either protein or mRNA expression of CD166 (Fig. 8, B and C) . Although YAP protein was down-regulated in both Bel-7402 and SMMC-7721 cells with CD9 knocked down (Fig. 8C) , YAP mRNA was not affected (Fig. 8D ), suggesting that the regulation of YAP by CD9 is at the protein level.
Furthermore, the interaction between CD9 and CD166 in liver cancer cells was confirmed by performing reciprocal co-IP experiments, and it was found that exogenous CD166-HA could be readily pulled down by CD9-Myc, and vice versa (Fig.  8E) . Interestingly, we found that CD9-enhanced CD166-medi- ated regulation of YAP was via a mechanism involving augmented clustering of CD166 molecules because overexpression of CD9 facilitated CD166-HA-CD166-FLAG homophilic interaction ( Fig. 8F) .
YAP Rescued CD166 Knockdown-induced Pro-apoptotic Outcome-We then tested the effect of YAP and CD166 on apoptosis. It was found that CD166 knockdown-induced proapoptotic effects, including decreased Bcl-2 expression and in vitro and in vivo tumor cell growth (Fig. 9, A, C, and D) , as well as increased caspase-3/7 activity (Fig. 9B ) could be partially rescued by simultaneous ectopic expression of YAP (Fig. 9, A  and D) , indicating that CD166 exerts its anti-apoptotic role at least in part via YAP.
CD166 and CD133 are cell surface markers that have recently been associated with cancer stem cells (6, 26) . To find out whether CD166 is dedicated to stem cell formation and cell proliferation in vivo, we stained the sections from the xenografts using anti-CD133 and anti-Ki67 antibodies. It was detected that CD133 was significantly down-regulated, whereas Ki67 expression remained unchanged in CD166knocked down xenograft compared with the control (Fig. 9E ), suggesting that CD166 may influence liver cancer stem cell formation but has no effect on cell proliferation. Data from West-ern blotting also demonstrated that stem cell markers CD133 and c-Myc could be down-regulated in Bel-7402 cells with CD166 knocked down compared with the control (Fig. 9F) . Surprisingly, other canonical stem cell markers Nanog, Sox2, and Oct-4 (the anti-Nanog, Sox2, and Oct-4 antibodies had been verified in HEK-293T cells) were undetectable in Bel-7402 cells (Fig. 9F) . Collectively, CD166 and CD133 may also be used as stem cell markers in liver cancer cells, and CD166 may play an important role in liver cancer stem cell formation. The data also suggested that the positive effect of CD166 on in vitro and in vivo cell growth may not be through the regulation of cell proliferation.
DISCUSSION
In the present study, we showed that CD166 was a critical anti-apoptotic regulator in liver cancer cells. We also showed that CD166 was not only an effecter but also a stimulator of PI3K/AKT signaling; thereby, we revealed another positive autoregulatory feedback loop. Moreover, YAP was identified as a CD166 downstream effecter because this protein can partly rescue CD166 knockdown-induced apoptosis and reduced cell growth both in vitro and in vivo ( Fig. 9, A-D) .
AKT provides several layers of protection from apoptosis, making it an attractive target for therapeutic intervention in the treatment of malignant disease. AKT has been reported to promote YAP localization to the cytoplasm, resulting in loss from the nucleus, where it functions as a coactivator of p73, a transcription factor that mediates induction of Bax expression (27) . Bax, which counters death repressor activity of Bcl-2, forms heterodimers with Bcl-2 in vivo, and the ratio of Bcl-2 to Bax determines survival or death following apoptotic stimulus (28) . Knockdown of AKT target, CD166-induced apoptosis may result from the reduction the ratio of Bcl-2 to Bax because Bcl-2 could be down-regulated, whereas Bax remained unchanged and almost undetectable after silencing of CD166 ( Fig. 1D ) (data not shown). Furthermore, YAP intracellular localization could not be affected by CD166 (Fig. 3L) . These data experimentally excluded the involvement of p73 and Bax in the AKT-CD166-YAP anti-apoptotic axis and provided new insights into the interaction between YAP and AKT and their anti-apoptotic roles in liver cancer cells.
We previously reported that NF-B signaling regulates CD166 gene transcription via promoter binding (9) . Emerging evidence has uncovered that PI3K/AKT is an upstream regulator of NF-B (19 -20) . However, AKT-controlled CD166 protein expression was independent of transcription ( Fig. 2, A, C,  and D) . Moreover, down-regulation of CD166 protein induced by increased cell density (Fig. 3G) was an outcome of inhibition of AKT but not of NF-B (Fig. 3H) . Thereby, we propose that the control of CD166 protein by AKT may not be via NF-B but rather through protein-protein interaction with AKT (Fig. 2, G  and H) . Interestingly, stabilization of protein can be enhanced by AKT-dependent phosphorylation (29, 30) . To the best of our knowledge, there is no direct evidence demonstrating that CD166 can be phosphorylated by AKT. The mechanism underlying the regulation of the stability of CD166 by AKT should be explored and discovered in the future. On the basis of the fact that the anti-apoptotic role of CD166 in liver cancer cells was at least in part through induction of both YAP expression and activity (Fig. 3, A-K) , we propose a model in which preferentially high expression of CD166 in liver cancer provides additional regulatory input into YAP-mediated anti-apoptotic gene transcription. Interestingly, a report suggests that one of YAP targets, CTGF, contributes to liver cancer cell dedifferentiation, in vivo cell growth, and, most importantly, resistance toward doxorubicin and TRAIL-mediated apoptosis (13) . It is currently unknown whether other anti-apoptotic genes are involved in the YAP regulatory program; however, it is likely that the complex regulatory network of CD166-YAP is critical for liver cancer development.
Our study pointed to CD166 as a critical integrating point to connect PI3K/AKT, Hippo/YAP, and PKA/CREB signaling pathways in liver cancer cells (Fig. 10) . The functional interactions between PI3K/AKT and Hippo/YAP signaling in cancers are probably complex and dependent on context (31, 32) . The effects of PKA/CREB on Hippo/YAP also seem controversial in development and liver cancers. PKA stimulates LATS kinases and YAP phosphorylation in Drosophila and developing chick embryos (33, 34) ; however, previous studies from our laboratory and others suggest that the PKA downstream effecter, CREB, is able to activate YAP gene transcription through promoter binding in liver cancer cells (15, 35) . Interestingly, YAP can also protect CREB from degradation (15) . In our view, YAP is a multifunctional liver cancer oncogenic regulator, which acts as not only a transcription co-activator but also a protein adaptor because of our previous studies showing that YAP can exert its role in tumorigenesis through interaction with other FIGURE 9. YAP rescued effects of CD166 depletion. A, YAP rescued CD166 knockdown-induced down-regulation of Bcl-2. Shown are Western blots of Bcl-2 in Bel-7402 cells with CD166 knocked down (infected with CD166-sh1) with or without simultaneous overexpression of YAP (transfected with YAP-FLAGexpressing plasmids). B, knockdown of CD166 (infected with CD166-sh1) induced apoptosis, which can be rescued by overexpression of YAP (infected with YAP-expressing lentivirus), as measured by caspase-3/7 activity. C, relative cell proliferation measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in cells expressing shRNA against CD166 (CD166-sh1) with or without ectopic expression of YAP (infected with YAP-expressing lentivirus). D, ectopic expression of YAP rescued inhibitory tumor growth by silencing of CD166 in vivo. Tumor volumes were measured for 24 days after subcutaneous injection of different cells as indicated. n ϭ 5 per group. p Ͻ 0.05 or 0.01 indicates statistic significance. E, representative IHC images of control and xenograft tissues with CD166 knocked down from D stained using anti-CD133 and anti-Ki67 antibodies. Scale bar, 200 M. F, Western blots of stem cell markers as indicated in control cells (infected with GFP-shRNA) and Bel-7402 cells with CD166 knocked down (infected with CD166-sh1). Error bars, S.D.
key oncoproteins, such as TRIB2, CREB, MEK1, SRSF1, and c-Myc (14 -15, 36 -38) .
In summary, our data indicate that PI3K/AKT/CD166 modulated YAP expression and activity through at least two different mechanisms, transcriptional regulation of the YAP gene through CREB and post-transcriptional control of YAP protein stability through inhibition to AMOT130 (Fig. 10 ). Further exploration of the interplay among these important signaling pathways may lead to more effective therapeutic strategies for liver cancer.
